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Abstract
We examine whether the cosmologies with varying speed of light (VSL) are com-
patible with the second law of thermodynamics. We find that the VSL cosmology with
varying fundamental constant is severely constrained by the second law of thermody-
namics, whereas the bimetric cosmological models are less constrained.
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1 Introduction
Variable-Speed-of-Light (VSL) cosmological models were proposed [1, 2] as an alter-
native to inflation [3, 4, 5] for solving the initial value problems in the standard Big
Bang model. It is assumed in the VSL models that the speed of light initially took
a larger value and then decreased to the present day value during an early period of
cosmic evolution. VSL models have attracted some attention, because not only various
cosmological problems that are solved by the inflationary models but also the cosmo-
logical constant problem can be solved [1, 2, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] by VSL
models. Furthermore, the recent study of quasar absorption line spectra in comparison
with laboratory spectra shows that the fine structure constant α = e2/(4pih¯c) varies
over cosmological time scales [16, 17, 18], indicating that the speed of light may indeed
vary with time. Also, it has been shown [19, 20, 21, 22, 23, 24, 25, 26] that brane world
models, which have been in vogue recently, manifest the Lorentz violation, which is
a necessary requirement for the VSL models. (Cf. The recent work [27] studies the
experimental limits which are permitted for the graviton’s speed in the brane world
scenarios.)
It is the purpose of this paper to examine the compatibility of the VSL models with
the second law of thermodynamics. (Cf. The previous related work can be found in Ref.
[28].) Recently, there has been active interest in holographic principle in cosmology,
after the initial work by Fischler and Susskind (FS) [29]. The cosmological holographic
bound originally formulated by FS had a problem of being violated by the closed
Friedmann-Robertson-Walker (FRW) universe. Later works attempted to circumvent
such a problem through various modifications. In particular, it was proposed in Refs.
[30, 31] that the FS holographic bound has to be replaced by the generalized second
law of thermodynamics. The generalized second law states that the total entropy S of
the universe should not decrease with time during the cosmological evolution: dS ≥ 0.
In order to be compatible with the holographic principle, the VSL cosmological models
therefore have to obey the generalized second law of thermodynamics. In section 2,
we consider the original VSL model, where the speed of light c in the action is just
assumed to vary with time. In section 3, we consider the bimetric cosmology of Clayton
and Moffat.
2 VSL Cosmology with Varying Fundamental Con-
stant
First, we consider the original VSL cosmology [1, 2], in which a fundamental constant
c of the nature is just assumed to vary with time during the early period of the cosmic
evolution and thereby the Lorentz symmetry is explicitly broken. In such VSL theories,
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it is postulated that there exists a preferred Lorentz frame in which laws of physics
simplify with the action taking a standard form with a constant c replaced by a field
c(xµ), the principle of minimal coupling. Namely, the action in the preferred frame
takes the form
S =
∫
d4x
[√−g
{
c4
16piG
(R− 2Λ) + L
}
+ Lc
]
, (1)
where Lc controls the dynamics of c and L is the action for the fields in the universe.
It is required that Lc should be explicitly independent of the other fields, including
metric, so that the principle of minimal coupling continues to hold for the equations
of motion.
The general metric ansatz for a 4-dimensional homogeneous and isotropic universe
is given by the following Robertson-Walker metric:
gµνdx
µdxν = −c2dt2 + a2γijdxidxj , (2)
with the time-varying c. Here, a(t) is the cosmic scale factor and γij(x
k) is given by
γijdx
idxj =
(
1 + k
4
δmnx
mxn
)−2
δijdx
idxj =
dr2
1− kr2 + r
2dΩ22, (3)
where k = −1, 0, 1 respectively for the open, flat and closed universes.
With an assumption of the principle of minimal coupling, the Einstein equations
with the metric ansatz (2) lead to the Friedmann equations:
(
a˙
a
)2
=
8piG
3
ρ+
c2
3
Λ− kc
2
a2
, (4)
a¨
a
= −4piG
3
(
ρ+ 3
p
c2
)
+
c2
3
Λ, (5)
where the overdot denotes derivative w.r.t. t. From the Friedmann equations, we
obtain the following generalized conservation equation:
ρ˙+ 3
(
ρ+
p
c2
)
a˙
a
=
3kcc˙
4piGa2
− cc˙
4piG
Λ. (6)
We now study thermodynamics of the VSL cosmology. We assume that the uni-
verse satisfies the first law of thermodynamics. When applied to the comoving volume
element of unit coordinate volume and physical volume v = a3, the first law of ther-
modynamics takes the form:
Tds = d(ρc2v) + pdv, (7)
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where s = s(v, T ) is the entropy density of the universe at temperature T within the
volume v, and ρ = ρ(T ) and p = p(T ) are the mass density and the pressure of matter
in the universe. In this paper, we assume that c is a function of a, just as in Ref. [8].
Since v = a3, we have c′(a) = 3a2dc/dv = 3v2/3dc/dv, where prime denotes derivative
w.r.t. a. Then, Eq. (7) can be rewritten as
Tds = c2vdρ+
(
ρc2 + p+ 2ρcv
dc
dv
)
dv
= c2vdρ+
(
ρc2 + p+ 2
3
ρcc′v1/3
)
dv. (8)
So, partial derivatives of s(v, T ) are given by
∂s(v, T )
∂v
=
1
T
(
ρc2 + p+ 2
3
ρcc′v1/3
)
, (9)
∂s(v, T )
∂T
=
c2v
T
dρ
dT
. (10)
From the integrability condition ∂2s/(∂v∂T ) = ∂2s/(∂T∂v), we obtain
dp
dT
=
1
T
(
ρc2 + p+ 2
3
ρcc′v1/3
)
=
1
T
d
dv
[
(ρc2 + p)v
]
. (11)
Making use of this equation, we can put Eq. (7) into the following form:
ds = d
[
v
T
(ρc2 + p)
]
− 2v
2
T 2
ρc
dc
dv
dT, (12)
from which we see that the usual Euler’s relation s = v
T
(ρc2 + p) does not hold for the
VSL theories with varying fundamental constant.
To obtain the time derivative of s, we express the conservation equation (6) into
the following form, making use of Eq. (11):
d
dt
[
v
T
(ρc2 + p)
]
=
(
2ρ
c˙
c
− cc˙
4piG
Λ +
3kcc˙
4piGa2
)
c2v
T
+ 2ρc
dc
dv
v2
T˙
T 2
. (13)
Eq. (12) along with Eq. (13) yields 2
s˙ =
(
2ρ− c
2
4piG
Λ+
3kc2
4piGa2
)
cc˙a3
T
. (14)
This equation would also have been obtained directly from Eqs. (6) and (7).
2The previous related work [28] does not take into account the effects on s˙ of the modification of
the usual Euler’s relation due to the time varying c and the nonzero cosmological constant Λ.
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Since c˙ < 0 for the VSL cosmology with varying fundamental constant, the terms
in the parenthesis of Eq. (14) have to be non-positive in order to be compatible with
the second law of thermodynamics dS ≥ 0:
2ρ− c
2
4piG
Λ +
3kc2
4piGa2
≤ 0. (15)
When the cosmological constant is non-positive (Λ ≤ 0), this condition can never be
satisfied by the flat (k = 0) and the closed (k = 1) universes. Although it can be
satisfied by the open universe (k = −1), the condition is very restrictive about the
possible type of matter in the universe and the time variation of c. On the other
hand, when the cosmological constant is positive (Λ > 0) and is large enough, the
restriction becomes less severe. We now examine the explicit condition under which
the constraint (15) can be satisfied. Assuming that c varies gradually like c(t) = c0a
n
and the equation of state of the form p = (γ − 1)ρc2, by solving Eq. (6) one obtains
ρ =
B
a3γ
+
3kc20na
2(n−1)
4kG(3γ + 2n− 2) −
Λnc20a
2n
4piG(3γ + 2n)
, (16)
where B is a positive constant. So, the constraint (15) reduces to
2B
a3γ+2n
+
3(3γ + 4n− 2)kc20
4piG(3γ + 2n− 2)a2 ≤
(3γ + 4n)c20Λ
4piG(3γ + 2n)
. (17)
First of all, we see from this that for the flat universe (k = 0) the constraint is always
violated for some values of a. [When 3γ + 2n = 0, the last term on the RHS of Eq.
(16) behaves with a as ∼ a−3γ ln a and therefore the RHS of Eq. (17) behaves with a
as ∼ ln a.] In order for Eq. (17) to be satisfied for any values of a, the LHS has to
have the maximum value and its value has to be not greater than the RHS. From such
condition, we obtain the following constraint on the constants n and γ:
k(3γ + 4n− 2) > 0, (3γ + 2n)(3γ + 2n− 2) < 0, (18)
along with the following lower limit on the cosmological constant:
Λ ≥ 3(3γ + 4n− 2)k
3γ + 4n
[
− 3(3γ + 4n− 2)kc
2
0
4pi(3γ + 2n)(3γ + 2n− 2)GB
] 2
3γ+2n−2
. (19)
One can always choose the integration constant B in such a way that the bound (19)
is compatible with the observed value of Λ. However, the constraint (18) severely
restricts the allowed value of γ. For the closed universe (k = 1), Eq. (18) implies
γ < 2/3 and therefore the radiation-dominated universe (γ = 4/3) and the matter-
dominated universe (γ = 1) are not allowed. As for the open universe (k = −1), Eq.
(18) leads to the less severe constraint γ > −2/3, which allows the γ = 4/3, 1 cases.
4
3 Scalar-Tensor Bimetric Cosmology
In this section, we consider the bimetric VSL model, proposed by Clayton and Moffat
[10]. The bimetric models achieve time-variable speed of light in a diffeomorphism
invariant manner and without explicitly breaking the Lorentz symmetry by introducing
bimetric structure into spacetime. (Cf. It is recently found out in Ref. [32] that the
fine-structure constant α = e2/(4pih¯c) in the bimetric models is constant in spacetime
although the speed of light varies with time, due to the compensating time-variation
of the electric charge.) It is usually assumed in the bimetric models that graviton and
the biscalar (or the bivector) propagate on the geometry described by the “gravity
metric”, whereas all the matter fields (including photons) propagate on the geometry
described by the “matter metric”. In the case of the scalar-tensor bimetric model, the
gravity metric gµν and the matter metric gˆµν are related by the biscalar field Φ as
gˆµν = gµν − B∂µΦ∂νΦ, (20)
where a dimensionless constant B is assumed to be positive. Since these two metrics
are nonconformally related, a photon and a graviton propagate at different speeds. The
action for the scalar-tensor bimetric model has the form
S =
∫
d4x
√−g
[
c4
16piG
(R− 2Λ) + LΦ
]
+
∫
d4x
√
−gˆLmat, (21)
where Lmat is the Lagrangian density for matter fields and the Lagrangian density LΦ
for the biscalar is given by
LΦ = −1
2
gµν∂µΦ∂νΦ− V (Φ). (22)
The gravity metric for the universe has the form
gµνdx
µdxν = −c2dt2 + a2γijdxidxj , (23)
with constant speed of graviton cgrav = c and γij given by Eq. (3). Due to the require-
ment of homogeneity and isotropy of the universe, the biscalar field Φ is independent
of the spatial coordinates xi. According to Eq. (20), the matter metric is therefore
given by
gˆµνdx
µdxν = −(c2 +BΦ˙2)dt2 + a2γijdxidxj , (24)
where the overdot stands for derivative w.r.t. t. So, the speed of photon cph =
c
√
1 +BΦ˙2/c2 ≡ c
√
I varies with t, taking larger value than cgrav = c while Φ˙ 6= 0.
In obtaining the energy-momentum tensor for the purpose of deriving the Einstein’s
equations, one has to keep in mind that matter fields and biscalar are coupled to
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different metrics. Since gˆµν is the physical metric for the matter fields, the energy-
momentum tensor for the matter fields are defined in terms of gˆµν :
Tˆ µν ≡ 2√−gˆ
δ(
√−gˆLmat)
δgˆµν
=
(
ρˆc2ph + pˆ
)
UˆµUˆν + pˆgˆµν , (25)
where ρˆ and pˆ are the mass density and the pressure of the matter fields and Uˆµ is the
four-velocity of matter perfect fluid normalized as gˆµνUˆ
µUˆν = −1. Since the nonzero
component of the four-velocity vector in the comoving coordinates is Uˆ t = 1/cph, the
nonzero components of the energy-momentum tensor for the matter fields are
Tˆ tt = ρˆ, Tˆ ij =
pˆ
a2
γij . (26)
On the other hand, since the biscalar field is coupled to the gravity metric gµν , its
energy-momentum tensor is defined in terms of gµν :
T µνΦ ≡
2√−g
δ(
√−gLΦ)
δgµν
= gµαgνβ∂αΦ∂βΦ− 12gµν∂αΦ∂αΦ− V (Φ)gµν
=
(
ρΦc
2 + pΦ
)
UµUν + pΦg
µν , (27)
where the four-velocity Uµ for the biscalar is normalized as gµνU
µUν = 1, so its nonzero
component is U t = 1/c. The mass density and the pressure of the biscalar field are
therefore
ρΦ =
(
1
2
Φ˙2
c2
+ V
)
1
c2
, pΦ =
1
2
Φ˙2
c2
− V. (28)
Taking the variation of the action S w.r.t. the metric, we obtain the Einstein’s
equations
Gµν + Λgµν = 8piG
c4
T µν , (29)
where Gµν is the Einstein tensor for gµν and the energy-momentum tensor Tµν has the
form
T µν = T µνΦ + Tˆ µν
√−gˆ√−g . (30)
The nonzero components of T µν are
T tt = ρΦ + ρˆcph
c
, T ij =
(
pΦ + pˆ
cph
c
)
1
a2
γij. (31)
The Einstein’s equations lead to the Friedmann equations
(
a˙
a
)2
=
8piG
3
ρ+
c2
3
Λ− kc
2
a2
, (32)
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a¨a
= −4piG
3
(
ρ+ 3
p
c2
)
+
c2
3
Λ, (33)
where
ρ ≡ ρΦ + ρˆcph
c
, p ≡ pΦ + pˆ cph
c
. (34)
From these Friedmann equations, we obtain the following conservation equation
ρ˙+ 3
(
ρ+
p
c2
)
a˙
a
= 0. (35)
The factors of cph/cgrav = cph/c in Eq. (34) can be understood from the fact that
definition of the energy-momentum tensor depends on the choice of metric. Generally,
the following two energy-momentum tensors, associated with the same Lagrangian
density L but defined w.r.t. the two different metrics gµν and gˆµν ,
T µνgrav ≡
2√−g
δL
δgµν
, T µνph ≡
2√−gˆ
δL
δgˆµν
, (36)
are related to each other as
T µνgrav =
√−gˆ√−gT
µν
ph =
cph
cgrav
T µνph . (37)
Here, the subscripts ‘grav’ and ‘ph’ signify that the quantity under consideration is
defined w.r.t. the gravity and the matter metrics, respectively. The mass densities and
the pressures in the two different definitions are defined by
T µνgrav =
(
ρgravc
2
grav + pgrav
)
UµUν + pgravg
µν ,
T µνph =
(
ρphc
2
ph + pph
)
UˆµUˆν + pphgˆ
µν , (38)
where the four-velocities are normalized as gµνU
µUν = −1 and gˆµνUˆµUˆν = −1. From
Eqs. (37) and (38), we see that the mass densities and the pressures in the two different
definitions are related as
ρgrav =
cph
cgrav
ρph, pgrav =
cph
cgrav
pph. (39)
The factor of cgrav/cph, multiplying the matter fields mass density and pressure in Eq.
(34), arose due to the fact that the matter fields mass density and pressure, which
are defined w.r.t. the matter metric, has to be transformed to the ‘gravity metric’
quantities, since the Friedmann equations are defined w.r.t. the gravity metric. (Cf.
In the Einstein’s equations (29), the total energy-momentum tensor T µν is defined
w.r.t. the gravity metric, i.e., T µν ≡ 2√−g δLδgµν where Lagrangian density L is the
sum of the matter fields Lagrangian density Lmat =
√−gˆLmat and the biscalar field
Lagrangian density LΦ =
√−gLΦ.)
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We now study thermodynamics of the bimetric VSL cosmology. Since we are con-
sidering the frame associated with the gravity metric of the form (23), the physical
quantities in the thermodynamic laws should be ‘gravity metric’ quantities. The first
law of thermodynamics, applied to the comoving volume element of unit coordinate
volume and physical volume v = a3, therefore takes the form
Tds = d(ρc2v) + pdv, (40)
where ρ and p are given by Eq. (34). Note, the square of the speed of graviton cgrav = c
multiplies ρ to yield the energy density, because we are considering the frame associated
with the gravity metric. From Eqs. (35) and (40), we obtain ds/dt = 0, namely the
total entropy S = s
∫
dx3
√−γ of the universe remains constant during the cosmic
evolution. Therefore, unlike the VSL cosmology with varying fundamental constant,
considered in the previous section, the second law of thermodynamics dS ≥ 0 is always
obeyed regardless of values of k.
We comment on thermodynamics associated with the matter fields, only. Since it is
assumed that the matter field action is constructed out of gˆµν , the equations of motion
of the matter fields imply the conservation law for the matter fields energy-momentum
tensor [12]:
∇ˆµTˆ µν = 0, (41)
where ∇ˆµ is the covariant derivative defined w.r.t. gˆµν . The t-component ∇ˆµTˆ µt = 0
of the conservation equation, where Tˆ µν ≡ Tˆ µρgˆρν , takes the following form:
˙ˆρ+ 3
(
ρˆ+
pˆ
c2ph
)
a˙
a
= −2ρˆ c˙ph
cph
. (42)
From this equation we see that matter fields are created while the speed of photon
decreases with time to the present day value c. In the frame associated with the
matter metric, the first law of thermodynamics takes the form:
Tdsmat = d(ρˆc
2
phv) + pˆdv, (43)
where smat is the entropy density associated with the matter fields. From Eqs. (42)
and (43), we see that s˙mat = 0, namely that the entropy for the matter fields remain
constant despite that the matter fields are created while c˙ph < 0. This apparent
paradox can be understood from the fact that in the matter metric frame the past
light cone contracts and thereby less information is collected by the observer. Next, we
consider the frame associated with the gravity metric. In this frame, the mass density
and the pressure of the matter fields are transformed to ρˆcph/c and pˆcph/c, and the
square of the speed of graviton c should be multiplied to the mass density for obtaining
the energy density. So, the first law of thermodynamics takes the form:
Tdsmat = d(ρˆccphv) +
cph
c
pdv. (44)
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From Eqs. (42) and (44), we have
s˙mat =
(
3
c2ph − c2
c2c2ph
pˆ
a˙
a
− ρˆ c˙ph
cph
)
ccpha
3
T
. (45)
So, in the gravity frame, the entropy for the matter fields varies with time while
c˙mat 6= 0. This time variation of the entropy of the matter fields is due to the exchange
of entropy with the biscalar sector, since we have seen that the total entropy density s
remains constant in the gravity metric frame.
In the above, we considered the equations in the comoving frame for the gravity
metric gµν . Since all the matter fields in the universe are coupled to the matter metric
gˆµν , it would be more natural to consider the comoving frame for the matter metric in
studying the expansion of the universe. By defining the cosmic time τ for the matter
metric in the following way
dτ 2 ≡ (1 +BΦ˙2/c2)dt2, (46)
we can bring the matter metric into the following standard comoving frame form for
the Robertson-Walker metric:
gˆµνdx
µdxν = −c2dτ 2 + a2(τ)γijdxidxj . (47)
In this new frame, the gravity metric (23) takes the form
gµνdx
µdxν = −(c2 − BΦ˙2)dτ 2 + a2(τ)γijdxidxj , (48)
where the overdot from now on stands for derivative w.r.t. τ . So, in this new frame,
a photon travels with a constant speed cph = c and a graviton travels with a time-
variable speed cgrav =
√
c2 − BΦ˙2 = c/
√
I, taking smaller value than c while Φ˙ 6= 0.
Note, I = 1/(1− BΦ˙2/c2) when the overdot stands for derivative w.r.t. τ .
In obtaining the Friedmann equations in the new frame, we do not just apply
the change of time coordinate (46) in the Friedmann equations (32) and (33) in the
old frame, unlike the previous works on bimetric VSL cosmology. The reason is that
the definitions for the mass density and the pressure depend on the choice of time
coordinate. We consider the Einstein’s equations (29) with Gµν now being the Einstein
tensor for the gravity metric given by Eq. (48). The energy-momentum tensor Tµν is
still given by Eq. (30) but now with
Tˆ µν =
(
ρˆc2 + pˆ
)
UˆµUˆν + pˆgˆµν , (49)
T µνΦ =
(
ρΦc
2
grav + pΦ
)
UµUν + pΦg
µν , (50)
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where the nonzero components of the four-velocities are Uˆ t = 1/c and U t = 1/cgrav.
Note, the mass densities and the pressures in Eqs. (49) and (50) are different from
those in Eqs. (25) and (27), although they are denoted with the same notations. In
the comoving frame for the matter metric, the Friedmann equations therefore take the
forms (
a˙
a
)2
=
8piG
3
ρ+
c2grav
3
Λ− kc
2
grav
a2
, (51)
a¨
a
− c˙grav
cgrav
a˙
a
= −4piG
3
(
ρ+ 3
p
c2grav
)
+
c2grav
3
Λ, (52)
where
ρ ≡ ρΦ + ρˆ c
cgrav
, p ≡ pΦ + pˆ c
cgrav
. (53)
Note, although we are now considering the comoving frame for the matter metric, the
total energy momentum tensor T µν is still defined w.r.t. the gravity metric. It is just
that the time coordinate τ in the gravity metric is the comoving frame time coordinate
for the matter metric. So, mass density and pressure of matter fields still have the
factor of c/cgrav in Eq. (53). From these Friedmann equations, we obtain the following
conservation equation
ρ˙+ 3
(
ρ+
p
c2grav
)
a˙
a
=
3
4piG
c˙grav
cgrav
(
a˙
a
)2
− cgravc˙grav
4piG
Λ +
3
4piG
kcgravc˙grav
a2
. (54)
We now study the compatibility of the bimetric VSL cosmology with the second
law of thermodynamics. Although we are now considering the comoving frame for the
matter metric, we first study thermodynamics in the frame of the gravity metric, since
the conservation equation (54) is expressed in the gravity metric frame. The first law
of thermodynamics, applied to the comoving volume element of unit coordinate volume
and physical volume v = a3, takes the form
Tds = d(ρc2gravv) + pdv. (55)
From Eqs. (54) and (55), we obtain
T s˙ = 4ρa3cgravc˙grav, (56)
where we made use of Eq. (51) to simplify the RHS. So, the total entropy S =
s
∫
dx3
√−γ increases with time while cgrav = c/
√
I increases to the present day value.
The second law of thermodynamics is therefore always satisfied for any values of k.
Next, we consider the second law of thermodynamics in the frame of the matter metric.
The mass density and the pressure in the matter metric frame are given by ρcgrav/c
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and pcgrav/c, and the energy density is obtained by multiplying the mass density by c
2.
So, the first law of thermodynamics takes the form:
Tds = d(ρccgravv) +
cgrav
c
pdv. (57)
This along with Eq. (54) leads to
s˙ = 3
(
c2grav − c2
c2c2grav
p
a˙
a
+ ρ
c˙grav
cgrav
)
ccgrava
3
T
. (58)
So, the terms in the parenthesis of this equation has to be non-negative in order for
the the condition for the second law of thermodynamics to be satisfied. Making use of
the explicit expressions for cgrav, ρ and p, one can put the condition in the form:
Φ˙2
[
1
2
I
c2
Φ˙2 − V + pˆ
√
I
]
a˙
a
+ Φ˙Φ¨
[
1
2
I
c2
Φ˙2 + V + ρˆc2
√
I
]
≤ 0. (59)
Making use of the equation of motion for the biscalar field Φ, it can be shown that
regardless of value of k this condition can be satisfied by the perfect fluid obeying the
equation of state pˆ = (γ − 1)ρˆc2 with γ ≤ 2, provided the biscalar potential satisfies
∂τV (Φ) > 0.
We discuss thermodynamics associated with matter fields, only. As before, the
equations of motion for the matter fields imply the conservation law (41) for the matter
fields energy-momentum tensor. Since the speed of a photon takes a constant value
cph = c in the comoving frame for the matter metric, the t-component of the matter
fields conservation equation takes the form:
˙ˆρ+ 3
(
ρˆ+
pˆ
c2
)
a˙
a
= 0. (60)
Unlike the case of the comoving frame for the gravity metric, the matter fields are
observed to be conserved. Eq. (60) along with the first law of thermodynamics for the
matter fields
Tdsmat = d(ρˆc
2v) + pˆdv, (61)
yields s˙mat = 0. So, time variation of entropy density s in the matter metric frame,
as expressed in Eq. (58), is all due to time variation of entropy density of the biscalar
field, and there is no entropy exchange between matter and the biscalar field sectors.
4 Conclusions
We studied the compatibility of the VSL cosmological models with the second law of
thermodynamics. We find that generally the VSL model with varying fundamental
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constant is severely constrained by the second law of thermodynamics. For the model
with the speed of light gradually varying as a power law of cosmic scale factor, only
open universe with positive cosmological constant is allowed to contain cosmic perfect
fluid satisfying reasonable equation of state such as dust and radiation. On the other
hand, the bimetric cosmological models are less constrained by the second law of ther-
modynamics. In the comoving frame associated with the gravity metric, there is no
constraint on the model by the second law of thermodynamics. In the comoving frame
associated with the matter metric, provided the biscalar potential satisfies a certain
condition, regardless of the value of k, the second law of thermodynamics can be sat-
isfied by perfect fluid satisfying the equation of state pˆ = (γ − 1)ρˆc2 with γ ≤ 2, which
includes dust and radiation.
References
[1] J.W. Moffat, “Superluminary universe: A Possible solution to the initial value problem
in cosmology,” Int. J. Mod. Phys. D2 (1993) 351, gr-qc/9211020.
[2] A. Albrecht and J. Magueijo, “Time varying speed of light as a solution to cosmological
puzzles,” Phys. Rev. D59 (1999) 043516, astro-ph/9811018.
[3] A.H. Guth, “The inflationary universe: A possible solution to the horizon and flatness
problems,” Phys. Rev. D23 (1981) 347.
[4] A.D. Linde, “A new inflationary universe scenario: A possible solution of The horizon,
flatness, homogeneity, isotropy and primordial monopole problems,” Phys. Lett. B108
(1982) 389.
[5] A. Albrecht and P.J. Steinhardt, “Cosmology for grand unified theories with radiatively
induced symmetry breaking,” Phys. Rev. Lett. 48 (1982) 1220.
[6] J.D. Barrow, “Cosmologies with varying light speed,” Phys. Rev. D 59 (1999) 043515,
astro-ph/9811022.
[7] J.D. Barrow and J. Magueijo, “Varying-alpha theories and solutions to the cosmological
problems,” Phys. Lett. B443 (1998) 104, astro-ph/9811072.
[8] J.D. Barrow and J. Magueijo, “Solutions to the quasi-flatness and quasi-lambda Prob-
lems,” Phys. Lett. B447 (1999) 246, astro-ph/9811073.
[9] J.W. Moffat, “Varying light velocity as a solution to the problems in cosmology,” astro-
ph/9811390.
[10] M.A. Clayton and J.W. Moffat, “Dynamical mechanism for varying light velocity as a
solution to cosmological problems,” Phys. Lett. B460 (1999) 263, astro-ph/9812481.
[11] J.D. Barrow and J. Magueijo, “Solving the flatness and quasi-flatness problems in Brans-
Dicke cosmologies with a varying light speed,” Class. Quant. Grav. 16 (1999) 1435,
astro-ph/9901049.
12
[12] M.A. Clayton and J.W. Moffat, “Scalar-tensor gravity theory for dynamical light veloc-
ity,” Phys. Lett. B477 (2000) 269, gr-qc/9910112.
[13] B.A. Bassett, S. Liberati, C. Molina-Paris and M. Visser, “Geometrodynamics of vari-
able speed of light cosmologies,” Phys. Rev. D62 (2000) 103518, astro-ph/0001441.
[14] M.A. Clayton and J.W. Moffat, “Vector field mediated models of dynamical light veloc-
ity,” Int. J. Mod. Phys. D11 (2002) 187, gr-qc/0003070.
[15] M.A. Clayton and J.W. Moffat, “A scalar-tensor cosmological model with dynamical
light velocity,” Phys. Lett. B506 (2001) 177, gr-qc/0101126.
[16] J.K. Webb, V.V. Flambaum, C.W. Churchill, M.J. Drinkwater and J.D. Barrow, “Evi-
dence for time variation of the fine structure constant,” Phys. Rev. Lett. 82 (1999) 884,
astro-ph/9803165.
[17] M.T. Murphy et al., “Possible evidence for a variable fine structure constant from QSO
absorption lines: motivations, analysis and results,” Mon. Not. Roy. Astron. Soc. 327
(2001) 1208, astro-ph/0012419.
[18] J.K. Webb et al., “Further evidence for cosmological evolution of the fine structure
constant,” Phys. Rev. Lett. 87 (2001) 091301, astro-ph/0012539.
[19] G. Kalbermann and H. Halevi, “Nearness through an extra dimension,” gr-qc/9810083.
[20] E. Kiritsis, “Supergravity, D-brane probes and thermal super Yang-Mills: A compari-
son,” JHEP9910 (1999) 010, hep-th/9906206.
[21] G. Kalbermann, “Communication through an extra dimension,” Int. J. Mod. Phys.A15
(2000) 3197, gr-qc/9910063.
[22] D.J. Chung and K. Freese, “Can geodesics in extra dimensions solve the cosmological
horizon problem?,” Phys. Rev. D 62 (2000) 063513, hep-ph/9910235.
[23] S.H. Alexander, “On the varying speed of light in a brane-induced FRW universe,”
JHEP0011 (2000) 017, hep-th/9912037.
[24] H. Ishihara, “Causality of the brane universe,” Phys. Rev. Lett. 86 (2001) 381, gr-
qc/0007070.
[25] D.J. Chung, E.W. Kolb and A. Riotto, “Extra dimensions present a new flatness prob-
lem,” hep-ph/0008126.
[26] C. Csaki, J. Erlich and C. Grojean, “Gravitational Lorentz violations and adjustment
of the cosmological constant in asymmetrically warped spacetimes,” Nucl. Phys. B604
(2001) 312, hep-th/0012143.
[27] C.P. Burgess, J. Cline, E. Filotas, J. Matias and G.D. Moore, “Loop-generated bounds
on changes to the graviton dispersion relation,” hep-ph/0201082.
[28] L.P. Chimento, A.S. Jakubi and D. Pavon, “Varying c and particle horizons,” Phys.
Lett. B508 (2001) 1, gr-qc/0103038.
[29] W. Fischler and L. Susskind, “Holography and cosmology,” hep-th/9806039.
[30] R. Easther and D.A. Lowe, “Holography, cosmology and the second law of thermody-
namics,” Phys. Rev. Lett. 82 (1999) 4967, hep-th/9902088.
13
[31] R. Brustein, “The generalized second law of thermodynamics in cosmology,” Phys. Rev.
Lett. 84 (2000) 2072, gr-qc/9904061.
[32] J.W. Moffat, “Bimetric gravity theory, varying speed of light and the dimming of su-
pernovae,” gr-qc/0202012.
14
